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El neutrino es la particula masiva mas
abundante en el universo (~340 cm-3).
Sin embargo, es la que peor conocemos.




Sabemos que los neutrinos tienen masa...

Pero ;cual es su escala absoluta y como se
ordenan? ;Por qué son tan ligeros? ;Cual es el
origen y naturaleza de sus masas?



Sabemos que los neutrinos oscilan...

Pero ;violan la simetria carga-paridad (CP)?
¢ Existen mas de tres estados masivos?
. Cual es el origen de la mezcla de neutrinos?



Ninguna técnica experimental por si sola puede
responder todas las preguntas.

|as oscilaciones revelan como se mezclan los
heutrinos, pero no nos dicen hada sobre |la
naturaleza de sus masas.

| a desintegracion doble beta nos permite
determinar su naturaleza, pero no si violan CP.



Ademas...

Los neutrinos podrian ser un portal a una nueva
escala fisica o explicar la aS|metr|a cos 8/
entre materia y antimateria. —L) J \
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Neutrinos in the Standard Model

Fermion masses arise from the couplings of
their left-handed and right-handed fields to
the Higgs field.

The Standard Model does not contain right-
handed neutrino fields, as they'd be sterile
(i.e. with no SM gauge interactions).

Therefore, neutrinos are left massless in the
Standard Model.
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LA DESINTEGRACION DOBLE BETA

2vpB Ovfi3p
Permitido en el Modelo Estandar. Sélo es posible si los neutrinos son
Observado en varios isétopos: particulas tipo Majorana.

semividas del orden de 1018-1022 anos. Semividas de mas de 1026 anos.



LA BAJA MASA DE LOS NEUTRINOS
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LA NATURALEZA DE LA MASA DE LOS NEUTRINOS

Neutrinos de Dirac Neutrinos de Majorana

L L

mzyz)/\/z m = zv*/A

» Requiere neutrinos dextrogiros estériles. » Neutrinos y antineutrinos idéenticos.
» El numero leptonico se conserva. » Sector de Higgs extendido.

» El acoplamiento de Yukawa del neutrino » Laescala A suprime la masa del
es muy pequeio (~10-12). neutrino.
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RECETA PARA UN EXPERIMENTO DE DESINTEGRACION DOBLE BETA

C 1 3 - i - . . )
5 10 f Aldcieciors - 1937 kayr GERDA Collaboration, Phys. Rev. Lett. 125 (2020) 25, 252502 § |~—
1 Adql A4 i ror 10 analysSiS CUts :
D ..,| [ Atter PSD cuts y t
beta = 10 = [ After LAr veto and PSD cuts VBB
. E; : 2vpp decay |
2. Mide S 10 | N
. 5 : <
distit © | 3 ‘ ¥ Qg 25 keV
1 =
3. Cuer N o N
N 5 & £
COorTe
1072
107°
! I I|J| L LI ! I 1.0 |

1000 1500 2000 2500 3000 | 3500 I4OOO 4500 5000
Energy (keV)




LIMITES ACTUALES

m KamLAND-Zen (13¢Xe): T1;2> 3.8x1026 afios (90% CL) = mgp < 28-122 meV
m GERDA (76Ge): 712 > 1.8 x1026 afios (90% CL) - mgp < 79-180 meV
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EL EXPERIMENTO NEXT 14

Busqueda de la desintegracion Ovf33 del 136Xe con camaras de proyeccion temporal (TPC) de gas xenon a presion.
» Amplificacion mediante electroluminiscencia (EL).
» Senales opticas detectadas con tubos fotomultiplicadores (PMT) y fotomultiplicadores de silicio (SiPM).

» Excelente resolucion energética: <1% FWHM a la energia de la desintegracion (~2.5 MeV).
» Reconstruccion de trazas para la identificacion de sefial (dos electrones) y ruido (un electrén).
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EL EXPERIMENTO NEXT 15

Prototipos NEXT-White NEXT-100

(2010-2014) (2015-2021) (2024-2031)
Demonstradores tecnoldégicos Verificacion del modelo de Busqueda del Ovf3f3 (1026 afos)
fondo y medida del 2v[3[3 y demostracion tecnoldgica

NEXT-HD/BOLD
(2032-20..)
Busqueda del Ovf3f3 (1028 afos)
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Counts/bin

EL EXPERIMENTO NEXT: RESULTADOS (1) 16

m Resolucidon energética (medida a diferentes energias) extrapolable a <1% FWHM a 2.5 MeV.

m Reconstruccion de trazas eficaz para distinguir eventos con 1 o 2 electrones.
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EL EXPERIMENTO NEXT: RESULTADOS (2)

m Medida de la semivida de la desintegracion 2vpp del 136Xe en NEXT-White usando dos meétodos de
analisis diferentes:

» Sustraccion de los espectros medidos con xenon enriquecido y con xenon empobrecido en 136Xe.
» Ajuste de los datos al modelo de fondo del experimento.
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EL EXPERIMENTO NEXT: RESULTADOS (y 3)

m Busqueda de la desintegracion Ovp del 136Xe en NEXT-White.

» Dada la baja exposicion, el resultado no es competitivo con los mejores limites actuales, pero demuestra
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NEXT-100

m Operando en el Laboratorio Subterraneo de

Canfranc (LSC) desde |la primavera de 2024.

m Objetivos:

» Mejorar la resolucion energética y

separacion de senal y ruido obtenidas
con NEXT-White.

» Tasa de ruido inferior a 1 cuenta/ano.

» Preparar el camino tecnologico hacia la

escala de la tonelada con
actualizaciones de los sistemas de
fotodeteccion (nueva electronica para
SiPMs y barril de fibras centelladoras).
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NEXT-100 22
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Inner
shielding

NEXT-HD —

Tracking

m Experimento multi-modulo con un primer detector
de 1 tonelada de 136Xe en el Laboratorio Subterraneo

de Canfranc.

Cathode

Reflector
panels " Pressure

vessel

m Disefno base: TPC simétrica con catodo central,
lectura mediante un plano denso de SiPMs y un
barril de fibras centelladoras.

Water
tank

m Fondo estimado: 0.09-0.27 cuentas /[ ROl [ ton [ yr.
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NEXT-BOLD 24

m El desarrollo de un sistema eficiente y escalable de
identificacion de iones de bario en xenén gaseoso
a alta presioén posibilitaria un experimento libre de
fondos.

Intensity / P.E.

m NEXT utiliza single-molecule fluorescence
imaging (SMFI) para detectar el ion Ba** producido
en las desintegraciones doble beta.
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SENSIBILIDAD DE NEXT EN LA ESCALA DE LA TONELADA
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Material de apoyo



Neutrinos in the Standard Model

Fermion masses arise from the couplings of
their left-handed and right-handed fields to
the Higgs field.

The Standard Model does not contain right-
handed neutrino fields, as they'd be sterile
(i.e. with no SM gauge interactions).

Therefore, neutrinos are left massless in the
Standard Model.
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...but neutrinos have mass

“For the greatest benefit to mankind”

The Royal Swedish Academy of Sciences has decided to award the

2015 N OBEL PRIZE IN PHYSICS

uonelsny|

Takaaki Kajlta and
Arthur B. McDonald

“for the discovery of neutrino oscillations, which shows that neutrinos have mass”

2> Nobelprize.org

The Official Web Site of the Nobel Prize

"Wo|gqauy es
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Neutrino masses and mixing
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Oscillation experiments have established that neutrinos are massive particles and that the
neutrino states participating in the weak interaction (flavour eigenstates) are different from
the states controlling free-particle evolution (mass eigenstates).
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Fermion mass spectrum 30
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Recipes for a neutrino mass

Dirac mass term

Majorana mass term

31



Recipes for a neutrino mass

Dirac mass term

e Mass term analogous to those of
charged leptons.

o Sterile right-handed fields added to
the Standard Model.

e Conserves lepton number.

Majorana mass term

e Requires an expanded Higgs sector.

e Implies lepton number violation.

e Neutrinos and antineutrinos are
Identical.

32



Recipes for a neutrino mass

Dirac mass term

my ~ Yy U

e Mass proportional to Higgs VEV.

o Unexplained very small couplings
needed to account for observed
neutrino masses.

Majorana mass term

my, ~ ¥, vz/M

e Hint of a new physics scale
responsible for the strong hierarchy
between neutrino and charged-
lepton masses.

33



Double beta decay

2v[[3

SM-allowed process. Observed in
several isotopes with half-lives of
order 1018 — 1022 years.

Ovpp

Forbidden in SM. Violates total
epton number (AL=2). Half-life
onger than 1026 years.

34



Majorana neutrinos and Ovf33 35
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The simplest underlying mechanism for neutrinoless double beta decay is the virtual exchange of a light
Majorana neutrino. However, irrespectively of the mechanism, the existence of neutrinoless double beta
decay implies a Majorana mass term for neutrinos [Schechter and Valle, PRD 25 (1982) 2951].



Decay rate
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Nuclear matrix element
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(If light neutrino exchange is the dominant underlying mechanism.)

Miight (€V)
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Build your own Ov33 experiment

1. Acquire a large mass (M) of a double-beta-

decaying isotope and a calorimeter with perfect
resolution and efficiency.

2. Measure the energy of the radiation emitted by
the source to separate the two different decay
modes.

3. Count the number of neutrinoless decays (N)
that have occurred in a given time (t) and
calculate the corresponding half-life:

ovpB |

N, Mt 0 02

T,), = log?2
/2708 TN

04 O
(E,+E)/Q

0.6

0.8

1.0
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Backgrounds

NEXT Collaboration (Alvarez et al.), JINST 8 (2013) T01002
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Energy resolution
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%18‘_ 3% FWHM ’

094 096 098 1.00 1.02 1.04 1.06 094 096 098 1.00 1.02 1.04 1.06
E/Q E/Q

o 10% FWHM -

094 096 098 1.00 1.02 1.04 1.06
E/Q

Good energy resolution is essential: it increases the signal to noise ratio and is the only

protection against the standard two-neutrino decay mode.
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Radiopurity

Detectors are being built with materials with activities as low as 10-6 Bg/kg.
(Compare that with typical activity of human body of about 100 Bg/kg.)

40



Event identification

All experiments look for extra signatures (e.g. event topology or pulse-shape discrimination)
to differentiate signal and background events.

41



Experimental figure of merit

S(mpg) o< 8]\1“ S(mpgg) o< \/1/e (

Background-free experiment

bAE)
Mt

Background-limited experiment

1/4
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LIMITES ACTUALES

m KamLAND-Zen (13¢Xe): T1;2> 3.8x1026 afios (90% CL) = mgp < 28-122 meV
m GERDA (76Ge): 712 > 1.8 x1026 afios (90% CL) - mgp < 79-180 meV

arXiv:2406.11438
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LEGEND-200
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CUORE |CUPID
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Detector concept

. CATHODE ANODE : :

electroluminescence (S2) . .

. scintillation (S1)

ENERGY PLANE

A B B B EEEEEEEEEETHE
TRACKING PLANE

Xenon gas time projection chamber with electroluminescent amplification.
e Primary scintillation (S1) establishes the start-of-event time.
e Secondary scintillation (S2) is used for calorimetry and tracking.
e Specialised photosensor arrays for each measurement.

48



Energy resolution in xenon
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Intrinsic energy resolution of xenon gas close to 0.3% at 2.5 MeV.
Fano factor of xenon significantly smaller in gaseous phase than in liquid.



Electroluminescence
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Emission of scintillation light by atoms excited by a charge accelerated by an electric field.
High, linear amplification gain with sub-Poisson fluctuations.
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Topological event identification

Y (mm)
JHEP 07 (2021) 146

—-120 -100 —80 —60 —-40
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Signal events (two electron tracks with a common vertex) feature high dE/dx blobs at both
ends, unlike most common background events (single electrons).
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The project

Prototypes

2008-2014
Demonstration of detector concept
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Barium tagging for background-free
experiment
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NEXT-White
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NEXT-White
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The NEXT-White setup in Hall A at the Laboratorio Subterraneo de Canfranc.



Counts/bin

EL EXPERIMENTO NEXT: RESULTADOS (1) 59

m Resolucidon energética (medida a diferentes energias) extrapolable a <1% FWHM a 2.5 MeV.

m Reconstruccion de trazas eficaz para distinguir eventos con 1 o 2 electrones.
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EL EXPERIMENTO NEXT: RESULTADOS (2)

m Medida de la semivida de la desintegracion 2vpp del 136Xe en NEXT-White usando dos meétodos de
analisis diferentes:

» Sustraccion de los espectros medidos con xenon enriquecido y con xenon empobrecido en 136Xe.
» Ajuste de los datos al modelo de fondo del experimento.
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EL EXPERIMENTO NEXT: RESULTADOS (y 3)

m Busqueda de la desintegracion Ovp del 136Xe en NEXT-White.

» Dada la baja exposicion, el resultado no es competitivo con los mejores limites actuales, pero demuestra
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NEXT-100
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NEXT-100 64

TPC

100 KG FIDUGIAL MASS 3584 SIPMS
: o : : 60 PMTS (EP 15 BAR
Scales up NEXT-Whits 241 incimensions

Last few weeks of construction and assembly
at the LSC. Commissioning and calibration

will start in January 2024. ‘:9 ﬁi? i
Goals: uu -
: | —
— Improve energy resolution. il
— Target background rate: 1 count / year. e
L
— Prepare for the tonne scale. ‘ﬂ “n = . ]ﬂg .
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LEAD CASTLE INNER COPPER SHIELDING
20 GCM THICK 12 CM OF ULTRA-PURE COPPER




INTERIOR OF THE VESSEL AND
COPPER PLANE
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Pressure Vessel
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Thicker (12cm) ultra-pure copper shielding
Big machinery for production



NEXT-100

FIELD CAGE ASSEMBLED
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NEXT-100 67

Hamamatsu SiPMs: Tracking Plane

easier to mount, 3584 Hamamatsu SiPMs
more robust, 1.3x1.3 mm2 - 15.55 mm pitcr
larger area. (60% more photons)
Better for = Kz o
dynamic range 1 e
. o ';,?,,7,7,*4
Coated with TPB ~ el —

for better light
detection

PMTs coupled
toO xenon gas
through
sapphire
windows
welded to a
radio pure
copper frame

Energy Plane
60 Hamamatsu PMTs
R11410-10 - Same NEW

(30% coverage)



NEXT-100
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Inner
shielding

NEXT-HD = ©°

Tracking

m Experimento multi-modulo con un primer detector
de 1 tonelada de 136Xe en el Laboratorio Subterraneo

de Canfranc.

Cathode

Reflector
panels " Pressure

vessel

m Disefno base: TPC simétrica con catodo central,
lectura mediante un plano denso de SiPMs y un
barril de fibras centelladoras.

Water
tank

m Fondo estimado: 0.09-0.27 cuentas /[ ROl [ ton [ yr.

Coated PTFE panel Cooled copper ring
— Fiber bundles ﬁ
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NEXT-BOLD 70

m El desarrollo de un sistema eficiente y escalable de
identificacion de iones de bario en xenén gaseoso
a alta presioén posibilitaria un experimento libre de
fondos.

Intensity / P.E.

m NEXT utiliza single-molecule fluorescence
imaging (SMFI) para detectar el ion Ba** producido
en las desintegraciones doble beta.

Barium Tagging
Detector (BTD)
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NEXT Collaboration, Phys. Rev. Lett. 120 (2018) 13, 132504



SENSIBILIDAD DE NEXT EN LA ESCALA DE LA TONELADA
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Summary

Neutrinoless double beta decay searches are the most promising way to establish that neutrinos are
Majorana particles.

The current generation of experiments is exploring the degenerate region of neutrino masses. Going
forward, double beta decay experiments will require exposures well above 1023 kg yr and background
rates below 1 counts tonne-1yr-1.

NEXT has proven that a GXe TPC can provide both high energy resolution and tracking for event
identification. NEXT-100 will probably be the most sensitive experiment using 136Xe, according to the
background rate measured in NEXT-White.

There's a clear path to improve NEXT towards the ton scale: reach energy resolutions close to the
intrinsic limit (<0.5% FWHM) and improve the rejecting power of the tracking signature.

R&D on chemical tagging of Ba ions undergoing, with very promising results so far.



